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Introduction
The human body is a complex biological system with very precise regulation of a huge number of processes at the molecular level. Any intervention to it can cause undesirable, dangerous consequences for the body. However, in some cases, implants are required to provide the necessary functions in a number of diseases or to treat injuries. Usually the question of the mechanical compatibility of the implant with the body is considered. To solve these problems it is necessary to resort to both experimental methods for studying materials and methods and mathematical modeling. Together with mechanical tests this approach makes possible to develop and optimize the type of implant [1, 2] . Also exist a separate class of problems where polymers, that are potentially suitable for implantation, is treated with plasma are considered.
Living tissue is a very aggressive environment in relation to many materials. In addition the body is able to recognize and reject foreign objects. It causes responding inflammatory reaction in the form of rejection or creation of an insulating barrier consisting of collagen fibers. Therefore the materials for the production of implants must satisfy the condition of bioinertness. An even more promising option is to ensure biocompatibility of material with the living tissue. Possible solution of the problem is to create layers on the surface of the implants that provide biocompatibility with living tissue and isolate the implant material from contact with the body.
The question of the specifics of the usage of implants created from polyurethane is considered in this paper. This is a bioinert material. One of the promising directions for improving its biocompatibility is ion-plasma surface treatment [3] [4] [5] . A carbonized layer with important for medical application properties is formed on the surface of the material as a result of treatment [6, 7] . A protein, which acts as an intermediate link between the implant and the body and prevents rejection, inflammation of surrounding tissues and other unfavorable situations, can be planted on this layer [8, 9] . In addition to physicochemical properties the important characteristic of the layer is the relief and roughness of the treated surface [10, 11] . First, the protein and living cells are sensitive to the surface relief on which they attach. Secondly, it is undesirable to allow cracking of the carbonized layer as it is will lead a negative impact to the interaction of the surface with the biological tissue. It is known that as a result of ion-plasma treatment a wavy surface is formed at the surface of a polymer material ( Fig. 1 ). However the reasons of its appearance remain the subject of discussions. An attempt to find an answer to this question was made in this paper. Hypotheses that can be attracted to explain this phenomenon are considered. A treatment of polyurethane material with nitrogen ions is discussed further.
Fig. 1. Surface of polyurethane after ion-plasma treatment

Hypothesis of the Temperature Shrinkage of the Carbonized Layer
One of the proposed mechanisms for the appearance of waves on the surface of polyurethane is associated with an increasing of the temperature during ion-plasma treatment. When the ion, which has received the kinetic energy, reaches the surface of the polyurethane it spends part of this energy on breaking the bonds of atoms in the polymer molecules. Due to this the surface is modified and a carbonized layer is formed. However the energy expended on breaking bonds is small in comparison with the energy of the ion. The remaining kinetic energy is dissipated into heat. As the temperature increases the polyurethane expands. The carbonized layer is formed on a material deformed by thermal expansion. When the treatment process ends the material and the carbonized layer cools. The coefficient of linear thermal expansion of polyurethane is 5•10 -5 -7•10 -5 1/K which is several times greater than of carbon (8•10 -6 -2•10 -5 1/K). This means that the temperature deformations of the polyurethane and the carbonized layer can differ significantly. In the layer temperature strain will be less than in polyurethane which will cause the appearance of waves. It is necessary to carry out a computational experiment to verify this hypothesis.
Consider the case when the polyurethane is treated with nitrogen ions with the energy of 20 keV. The fluence is 5*10 14 and 10 16 ions/cm 2 , it is achieved in 40 and 800 seconds respectively. As sample we consider a thin polyurethane plate of equal thickness located horizontally. A stream of nitrogen ions falls on top of it. To estimate the heating we take the total ion energy per unit area and calculate the temperature change ΔT by formula (1) .
where Q is the energy obtained as a result of ions deceleration when they meet the polyurethane sample, c is the specific heat of polyurethane. It is assumed that all the kinetic energy of the ions is dissipated in to the heat. In fact some of the energy is spent on the destruction of the polymer and additional release can occur during the formation of the carbon layer. The resulting temperature change will be averaged. The most important information is the temperature change in the nearsurface layer, since in this area the material is heated up to the maximum.
The sample is located on a massive metal holder which has a great heat capacity and thermal conductivity in comparison with polyurethane. Thus it is necessary to take into account the heat flow through the surface in contact with the lid to get more adequate estimation. For this the following boundary-value problem is set. The heat exchange inside the polyurethane sample is given by the equation of thermal conductivity:
where T is the temperature, ρ is the density, c is the specific heat, μ is the thermal conductivity of the polyurethane, and s is the specific power of the source which can be determined knowing the amount of heat Q released. The problem is set as one-dimensional since the field of sources is uniform and the temperature gradient occurs only in the direction of the thickness of the sample. It is believed that all energy release during ionic inhibition occurs uniformly over the entire thickness of the layer, which in our case is 100 nm (the thickness of the layer is calculated using the software package SRIM). The specific power of a source is understood as the energy released per unit of time per volume unit.
Because of the smallness of the sources we will consider a continuous, homogeneous, 100 nm thick field of heat sources with a total thickness of the polyurethane plate of 2 mm. The source operates for 40 seconds (duration of sample treatment with nitrogen ions) and then turns off. The rest of the time there is a free redistribution of heat in the thickness of the plate and its exit through the lower boundary. In this model the energy flow through the holder is taken into account which gives us the condition on the right boundary. The specific heat of the steel is 4620 J/(kg•K), and the thermal conductivity coefficient is 47 W/(m•K). Similar characteristics of the polyurethane are 1100 J/(kg•K) and 0.041 W/(m•K). In this regard, the steel holder will absorb heat from the polyurethane at a high rate and provide a sink of energy. The initial temperature is taken zero because only relative change in temperature is calculated. Thus the initial and boundary conditions will have the form:
where 0 is the initial temperature of the material, L is the thickness of the sample, h is the thickness of the carbonized layer.
Having a sink at the lower boundary we should not have received high temperatures but taking into account the low thermal conductivity of the polyurethane it is possible to obtain a situation where the energy does not have time to pass through the entire thickness of the plate to runoff fast enough and it will lead to a strong heating of the upper boundary of the plate. The solution showed that due to the small thickness of the plate the process of transition to a stationary state occurs instantaneously and a balance is rapidly established between the flow and the sink so the strong heating is not observed. Figure 2 (a, b) shows the temperature dependence on time at the boundary on which the sources act. During ion-plasma treatment of a 2 mm thickness sample, the temperature rises by 12 and 22 degrees, respectively. In addition, an important factor is the heat sink on the opposite boundary. Figure 2 (c) shows the temperature distribution in the absence of a heat sink for a fluence of 10 16 ions/cm 2 . Under these conditions, the temperature rises more than 100 degrees. The considered conditions are a model case, since a drain on the opposite boundary will take a place. A similar effect is observed in a case of massive samples treatment. Figure 2 (d) shows the temperature distribution at the boundary of the 2 cm thickness sample. As can be seen, the treated surface heats up more with increasing sample thickness. This effect can be explained by the low thermal conductivity of the polyurethane. In fact the sample itself is a heat isolator. If sufficient heat sink is not provided the sample surface can be heated to the critical temperatures which leads to the thermal destruction of the polymer. Thus this mechanism depends on the ion energy, the massiveness of the treated object and the presence of heat sink. With the correct treatment mode this mechanism should not make a significant contribution to the formation of the surface relief of the material being processed. Fig. 3 . The process of a polyurethane sample treatment by plasma calculation scheme Described mechanism is related to the ion pressure which causes deformation in the material. The ion energy is quite large as was shown in the previous chapter. Each ion in a collision with a surface acts on it with a force that can be calculated from the kinematic relationships of mechanics. Taking into account that the radiation dose is 10 14 -10 16 ions/cm 2 it can be said that a constant pressure acts on the surface during the treatment. If the pressure is large enough, it can cause elastic deformation in the material. The layer is formed on deformed material. After the treatment process is finished, the material returns to its original state. The carbonized layer has a thickness of about 100 nm, the thickness of the polyurethane plate is 2 mm. The difference in thickness is so great that at any ratio of stiffness the deformation of the substrate will cause deformation of the layer. Thus, after the flow of ions is stopped, returning of the substrate to its original state will cause deformation in the formed layer. As the layer was formed on a deformed plate and this state is the initial one. Figure 3 shows the calculation scheme: the ion flux acts on the body (a) located on the elastic base (b). In this scheme, the body (a) is a carbonized layer formed on the surface of the polyurethane (b) during the treatment. Let us write down the first law of thermodynamics. The rate of change in the kinetic energy, elastic energy and the amount of heat accumulated by the system depends on the speed of the ion transported by the flow of kinetic energy and on the capacity of the work. This is formulated using a mathematical equation:
Hypothesis of the Material Deformation under the Flow of Ions Pressure
where the prime denotes the time derivative, ϑ is the speed of the material (a) points, k is the stiffness of the (b), Δl is the displacement of the (b) during the deformation, l 0 is the initial height of the (b), c is the specific heat of the system, ΔT is the temperature change, N is the number of ions acting per area unit, per time unit, S is the area of the ions action, m is the mass of one nitrogen ion, ϑ 0 is the speed of the nitrogen at the moment when ion approaches the polyurethane surface. The value of ϑ 0 is known.
Applying the Galilean transformation we obtain the following equation: 
where υ*=const -movement speed of the observer. The conservation law of energy (1) must be satisfied for an observer moving with any constant velocity * . It means that it is possible to group the terms in (2) in such way that we get a quadratic equation with respect to the degrees of * . 0 (...) (...) (...)
This equality can be satisfied for any value of the velocity * only in the case when the expressions in parentheses in front of the powers of * equal zero. We obtain 3 independent equations: 
Let us consider the physical meaning of the equations (6) - (8) . Equation (6) is the equation of mass change. The mass of the system is increased by an amount equal to the mass of all the ions that reaches the target in a certain time. Equation (7) is the equation of motion of the system. Under the influence of ion pressure deformation of the treated material occurs. The resulting equation describes the displacement of the treated surface under the influence of ion pressure. The mechanism of the waves appearance under the ion pressure and the solution of this equation will be discussed in detail later. Equation (8) is the formulation of the law of energy conservation, which can be simplified using equations (6) and (7) .
The solution of equation (7) will gives the dependence l(t), i.e. displacement of the layer on the elastic substrate under the action of ion pressure. In other words we get an expression for moving of the surface during the treatment. The values of the material strain which will predict the folds appearance can be obtained with the displacement. The solution of equation (7) can be found with the initial conditions:
The first condition means that at time t=0 the layer is in the initial position l 0 (the layer thickness can be neglected, since it is negligible compared to the thickness of the polyurethane being treated). Solving equation (7) we obtain an expression for l(t) in the form:
The analysis of expression (9) has shown that the treated surface is moving according to a harmonic law. This is the result of the fact that we considered the polymer as an elastic medium and did not take into account its dissipative properties. The solution is a constant deformation of the material and an oscillatory process near this state. The magnitude of the strain is inversely proportional to the stiffness of the system, proportional to the ion flux density and ion velocity. The ion velocity in turn depends on the energy. Thus we can distinguish two basic parameters that affect the amount of deformation: ion energy and polyurethane stiffness.
In this calculation, the surface displacement values reach 0.2 mm. Such displacements are not enough to cause deformations necessary for the formation of folds. The finite element calculation shows that such displacements do not cause significant deformations in the near-surface layer and do not contribute to the formation of surface relief. This mechanism with low probability can have a significant influence on the formation of wavy relief. However in rare cases if it is planned to use soft polyurethane for the implant it is necessary to consider this mechanism more precisely. Fig. 4 . Effect of ions on the molecular structure of the polymer
Hypothesis of the Surface Layer Swelling by the Decomposition of Polymer Chains Products
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Ions and the results of their collision with the atoms of the polymer chains penetrate the interior of the material to a depth, depending on the kinetic energy. The nitrogen ion knocks out several atoms from the polymer chains in its path (Fig. 4 ). There is a slowdown in its movement. The number of atoms knocked out of molecules depends on the energy of the nitrogen ion. In accordance with the momentum conservation law, the ion and knocked out atoms continue to move inside the sample. Another hypothesis is that after ion-plasma treatment, oxygen actively incorporates into the polymer network [12] . As a result, the surface layer swells. The sample boundary should be considered as shifting in the direction of ion motion. The illustration is shown in Figure 5 . This is the transition from scheme (a) to scheme (b). Increasing of atoms in the polymer should cause the expansion in the horizontal direction ( Fig. 5,  b ). But this state is not stable and waves should appear on the surface of the sample (Fig. 5, c) .
A carbonized material forms with the accumulation of a sufficient number of carbon atoms in the near-surface layer. The wavy surface of the sample "freezes". It should be noted that this process has a complex nature. The medium density changes when the new material is formed. The carbon density varies from 2.09 to 3.53 g / cm 3 , depending on the state, while the density of polyurethane is 1.12 g / cm 3 . Such an increase in density leads to the fact that the material of the layer should reduce its volume. But on the other hand when the molecules of polymer chains decay into individual atoms the density of the medium should decrease because the distance between the centers of atoms increases. Therefore, the change in the density of the material during its transition from the state of the polymer to the destroyed state and the subsequent formation of the carbonized layer has a complex nature. It can be assumed that the thickness of the layer that is forming will decrease and the nitrogen ions will penetrate through it into the material to an even greater depth. There will be a polymer saturated with atoms penetrated into it under the formed carbonized layer. This part of the polymer, saturated by atoms, under the formed carbonized layer will support the wavy relief of the sample. The process will end when the thickness of the carbonized layer will reach such a value that nitrogen ions will not penetrate to the polymer.
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